Adaptive evolution of animals depends on behaviors that are essential for their survival and reproduction. The olfactory system of Drosophila melanogaster has emerged as one of the best characterized olfactory systems, which in addition to a family of odorant receptors contains an approximately equal number of odorant binding proteins (Obps), encoded by a multigene family of 51 genes. Despite their abundant expression, little is known about their role in chemosensation, largely due to the lack of available mutations in these genes. We capitalized on naturally occurring mutations (polymorphisms) to gain insights into their functions. We analyzed the sequences of 13 Obp genes in two chromosomal clusters in a population of wild-derived inbred lines, and asked whether polymorphisms in these genes are associated with variation in olfactory responsiveness.
INTRODUCTION
Interactions with the chemical environment provide a sensitive target for forces of natural selection, as evident from the rapid evolution of odorant receptors (ROBERTSON et al. 2003; YOUNG et al. 2004) . Drosophila provides an excellent model system for studies on olfaction due to its well-established genetics and the relative simplicity of its olfactory levels of copulation latency (MACKAY et al. 2005) and aggression (EDWARDS et al. 2006) ; and as a consequence of pleiotropic effects arising from single P-element induced mutations that affect olfactory behavior (ANHOLT et al. 2003) .
Whereas the role of Obps in pheromone recognition has been clearly defined for several insect systems, the precise functions of these abundantly expressed proteins in olfaction remain obscure. Ligand specificities (whether broadly or narrowly tuned), interactions with odorant receptors (for which there remains scant evidence to date), interrelationships among Obps with overlapping molecular response profiles and their functional correspondence (if any) with odorant receptors, the significance of altered expression of some Obps in aggression (EDWARDS et al. 2006) , mating behavior (MCGRAW et al. 2004; MACKAY et al. 2005 ) and alcohol sensitivity (MOROZOVA et al. 2006) , all pose as yet unresolved questions. To date, only one Obp in Drosophila melanogaster, encoded by Lush, has been characterized functionally (KIM et al. 1998; XU et al. 2005) . Flies homozygous for a deletion of the Lush gene do not avoid repellant concentrations of short chain alcohols (KIM et al. 1998 ) and do not respond behaviorally or electrophysiologically to the aggregation pheromone 11-cis-vaccenyl acetate (XU et al. 2005) . The Or67d receptor, expressed in a subset of trichoid sensilla, has been identified as the receptor for 11-cis-vaccenyl acetate (HA and SMITH, 2006; KURTOVIC et al., 2007 ).
Lush appears to be essential for delivering this pheromone to its receptor. Other insights into the functions of Obps come from a recent study reporting that a polymorphism in Obp57e in D. sechellia determines preference for its host plant, Morinda citrifolia; and that D. melanogaster knock-out flies for Obp57e and Obp57d showed altered behaviors to hexanoic and octanoic acid produced by this plant (MATSUO et al., 2007) .
Functional studies on Obps have been hampered by the lack of Obp mutants, with the exception of Lush. Furthermore, if odorant recognition by Obps is combinatorial, as is the case for odorant recognition by mammalian odorant receptors (MALNIC et al. 1999) , functional redundancy may render a laborious "one gene at a time" approach less than satisfactory, as it would provide only partial insights into the role of any one member of this multigene family in mediating olfactory behavior.
We devised a strategy to overcome these challenges by taking advantage of naturally occurring mutations that have arisen during evolution and that segregate as polymorphic variants in nature. We established isofemale lines from a natural population and inbred them for 20 generations, thus minimizing genetic variation within lines while retaining naturally occurring variation among the lines. We sequenced 13 Obp genes, located in two chromosomal clusters on the second and third chromosome, and used statistical tests for deviations from neutrality to assess patterns of selection. We then assessed whether polymorphisms in these 13 Obp genes were associated with naturally occurring variation in olfactory response to a standard test odorant, benzaldehyde.
Finally, we show that SNPs in regulatory and coding regions that are associated with variation in chemosensory behavior can impact the predicted structure of pre-mRNA. ( ANHOLT et al. 1996; MACKAY et al. 1996; FANARA et al. 2002) and others (DEVAUD 2003; STOCKINGER et al. 2005 ) have used previously. Pilot experiments on five of the lines over a range of benzaldehyde concentrations established that a concentration of 3.5% (v/v) provided optimal resolution for evaluating variation in olfactory behavior in these lines. We measured olfactory behavior of 4-10 day-old flies from 193 wild-derived inbred lines,in single-sex groups of five flies/replicate and 10 replicates/sex. All assays were conducted between 2:00 and 4:00 pm in a behavioral room at 25 o C and 70% humidity under white light. The experimental design was randomized such that measurements on individual lines were collected over several days to average environmental variation.
MATERIALS AND METHODS

Drosophila
Locomotor reactivity was assessed by JORDAN et al. (2007) (CHURCHILL and DOERGE, 1994) . We performed two different permutation tests. To assess whether we observed more significant associations with olfactory behavior for each gene than expected by chance, we permuted the phenotypes among the markers 1000 times and recorded the number of significant associations at P < 0.05 for each permuted data set. To identify particular polymorphic sites with significant associations with behavior, we similarly permuted the data 1,000 times and recorded the lowest P-value of each permuted data set. In both cases we used the 5% significance threshold of the permuted data sets to give an empirical Type I error rate that accounts for multiple tests.
In cases where more than one polymorphism in a gene was associated with olfactory behavior, we tested for associations between haplotypes of these variants and , where a is one-half the difference in mean olfactory behavior between homozygous genotypes for the marker, q is the frequency of the rare marker allele, and p = 1−q (FALCONER and MACKAY 1996) .
Prediction of RNA secondary structure: Secondary structures of the full length mRNA and pre-mRNA molecules transcribed from Obp99a, Obp99c and Obp99d genes were predicted using Mfold and Afold, as described previously (NACKLEY et al.2006; SHABALINA et al. 2006) . Energy minimization was performed by a dynamic programming method that finds the secondary structure with the minimum free energy with sums comprised of factors that include stacking and loop length (NACKLEY et al.2006; SHABALINA et al. 2006 ) . The RNA folding parameters were published by the Turner group (MATHEWS et al. 1999) . Suboptimal stem-loop structures were analyzed by the Hybrid program (NAZIPOVA et al. 1995) .
RESULTS
Molecular population genetics of Obp genes:
Odorant receptors evolve rapidly to adapt to changes in the chemical environment (ROBERTSON et al. 2003; YOUNG et al. 2004) . Since Obps are the first components of the insect olfactory system to encounter odorants, they might also be expected to undergo rapid adaptive evolution. (Table 1) .
Consistent with the large variation in SNP numbers among genes of similar size in the same genomic regions, estimates of nucleotide diversity (the average number of pairwise differences between sequences (π) and the number of segregating sites (θw))
vary over an order of magnitude among the Obp genes ( Table 1 ), suggesting that Obps have experienced different evolutionary histories. We applied tests for deviation from selective neutrality to members of the Obp56 and Obp99 gene clusters (HUDSON et al. 1987; MCDONALD and KREITMAN 1991; TAJIMA 1993; FU and LI 1993; FAY and WU 2000 expected under neutral mutation-drift balance, which could be attributable to balancing selection. In contrast, Obp56a and Obp56c show evidence of rapid evolution. Since there is no LD between Obp56a and Obp56c, the signatures of positive selection experienced by these two genes are likely not due to hitchhiking (Table S1 ).
Pairwise comparisons of linkage disequilibrium (LD) between polymorphic sites for the Obp56 and Obp99 genes (except the highly conserved Obp56f) show evidence of extensive historic recombination within each gene cluster. However, there are regions exhibiting LD between genes within each cluster, e.g. Obp99c and Obp99d ( Fig. 1 ; Table   S1 ), although long range LD is not common. We did not observe significant LD between polymorphisms in the Obp56 cluster and those in the Obp99 cluster (the Bonferroni corrected significance threshold is P < 2.68 E-6). The diagrams in Fig. 1 also illustrate the differences in SNP densities among these genes.
The pattern of polymorphisms in Obp99d contains an unusually large number of non-synonymous substitutions (23 out of 28), many of which occur at intermediate frequencies at adjacent nucleotide positions, generating extensive amino acid diversity (Table S2 ). This unusual pattern of SNPs is not caused by a tandem polymorphic duplication of Obp99d (data not shown), and is consistent with the inference of balancing selection acting on this gene (Tables 1 and 2 ).
Quantitative genetics of olfactory behavior:
We quantified naturally occurring variation in olfactory behavior among the 193 Raleigh inbred lines and observed broad variation in responsiveness to benzaldehyde, which appeared normally distributed and ranged from attractant to repellant responses (Fig. 2a) . To test whether the low responses were specific to olfactory behavior or due to a general deficit in locomotion, we assessed the correlation between locomotor behavior in response to a mechanical stimulus, which exhibits considerable inbreeding depression (JORDAN et al. 2007) , and olfactory behavior in these lines. The correlation between locomotion scores and olfactory response scores was not significantly different from zero (Fig. 2b) . Thus, the variation in olfactory behavior cannot be explained by inbreeding depression for general locomotor impairment.
ANOVA shows significant variation in olfactory behavior between males and females, among lines, and for the sex-by-line interaction ( Table 3 ) is higher than observed in a previous study of chromosome substitution lines (MACKAY et al. 1996) .
Association of polymorphisms in
Obp genes with olfactory behavior: We used a two-step strategy to identify polymorphisms in Obp genes that are associated with olfactory responsiveness to benzaldehyde. First, we conducted association tests with 50
lines, and used permutation analysis to estimate the number of associations one would observe by chance for each gene. We then compared the expected number of random associations with the observed number of associated polymorphic markers to identify
Obp genes for further analysis. Obp99a and Obp99d showed a higher number of associations than expected by chance (Table S3) . Therefore, we focused our efforts on assume strict additivity, the individual polymorphisms only explain 3-6% of the total additive variance in olfactory behavior (Table 4) .
Polymorphic markers C75G in Obp99a and C141G in Obp99c are located in introns, whereas markers G67A and T78G in Obp99d are in the coding region. The G67A
SNP results in a glutamine to lysine substitution, whereas the T78G SNP is synonymous.
These SNPs are in LD (P < 0.0001). In addition, the C29A SNP in Obp99d is near the permutation threshold for statistical significance (Fig. 3) . This nonsynonymous substitution changes a cysteine into tyrosine, thereby eliminating a cysteine that could contribute to the formation of a structurally important disulfide bond. This SNP is in substantial LD (P < 0.01) with T78G. Haplotype analysis of the G67A and T78G polymorphisms in Obp99d shows a significant difference in phenotypic values between haplotypes GT (71% frequency) and AG (5% frequency) in Obp99d (Fig. 3) . The observed differences in phenotypic values between these haplotypes were the same for both sexes.
Our results implicate Obp99a, Obp99c and Obp99d in the recognition of benzaldehyde and suggest that these Obps are either redundant for the recognition of this odorant, or more likely, that Obps recognize odorants in a combinatorial manner similar to odorant recognition by odorant receptors (MALNIC et al. 1999 ). Thus, a given odorant would interact with multiple Obps with different affinities in a concentration-dependent manner and a given Obp would recognize multiple odorants based on its molecular response profile.
Effects of polymorphisms associated with olfactory behavior on predicted secondary pre-mRNA structure: To gain insights into the mechanism by which synonymous or non-coding SNPs could affect phenotypic variation in olfactory behavior, we predicted secondary structures for pre-mRNA molecules transcribed from alternative SNP genotypes. The C75G polymorphism in Obp99a is located in an intron. Frequent local secondary structures predicted for sequences with C and G in position 75 are very similar except for the pairing in position 75, where C is paired and G is not paired (Fig.   4 ). Position 75 in Obp99a pre-mRNA is close to the splice site (35 bp upstream from the exon/intron boundary), and the different predicted RNA structures could potentially affect splicing (SOLNICK 1985) .
The C141G polymorphism in Obp99c is also located in an intron. Different stable structures are predicted for Obp99c sequences with nucleotides C and G in position 141, where C is paired with a higher probability (P = 0.56) than G (P = 0.18) ( Fig. 4 ; Table   S4 ). It is interesting that G in position 141 is frequently unpaired in suboptimal secondary structures, although G has the highest potential for base pairing among all four nucleotides.
The three common haplotypes formed by SNPs at positions 67 and 78 of Obp99d produce different optimal local secondary structures (Fig. 4) , although the free energy for the local secondary structures in this region does not differ dramatically (from −133.9 to −126.5 kcal/mol, Fig. 4 ). Structure predictions for Obp99d mRNAs showed that nucleotides in positions 67 (G67A, a non-synonymous polymorphism) and 78 (T78G, a synonymous polymorphism) are frequently involved in the neighboring stem-loop structures and modulate base pairing of neighboring nucleotides (Fig. 4) . Nucleotides G and A in position 67 have different potentials for base pairing for the different haplotypes (P = 0.7 for G67/T78, P = 0.61 for G67/G78 and P = 0.05 for A67/78G, respectively, Table S4 ).The rarest haplotype (A67/T78) has a dramatically different potential for base pairing in position 78 (P = 0.2 for T78, Table S4 ) compared to the three more common haplotypes. Since these polymorphisms are in strong LD, we can not infer whether the effect on olfactory behavior is due to a structural change in the protein or the mRNA. McDonald and Kreitman test (MCDONALD and KREITMAN 1991) compares the ratios of non-synonymous and synonymous substitutions within and among species and detects deviations from neutrality that persist over a long evolutionary time. Perhaps the best indicators of the diverse patterns of evolution of Obp genes are the different levels of nucleotide diversity in closely linked genes that presumably experience similar mutation and recombination rates (Fig. 1) .
Behavioral responses to benzaldehyde showed a greater range of phenotypic variation than observed previously with standard inbred laboratory stocks, and were elicited at a higher concentration of benzaldehyde. Olfactory responses were not correlated with locomotor reactivity scores, indicating that low olfactory response scores did not result from locomotor impairments due to inbreeding depression. ANOVA showed significant variation in sexual dimorphism but a high genetic correlation between the sexes (r MF = 0.893; Table 3 ). Variation in sexual dimorphism in avoidance responses to benzaldehyde has also been observed previously in chromosome substitution lines (MACKAY 1996) and among co-isogenic P-element insertion lines that affect olfactory behavior (ANHOLT et al. 1996; SAMBANDAN et al. 2006) .
The extensive phenotypic variation in our wild-derived inbred population provided a favorable scenario for association analyses. We detected associations with Elegant electrophysiological studies have generated molecular response profiles of odorant receptors in the Drosophila antennae and maxillary palps and shown that a single odorant can activate multiple odorant receptors (DE BRUYNE et al. 1999; HALLEM et al. 2004; CARLSON and HALLEM 2006) . Thus far, the function of Obps in odorant recognition has remained enigmatic, as there is no clear correlation between expression patterns of Obps and odorant receptors. The population genetics approach described here represents a first step towards defining molecular recognition profiles of the Obp family.
Such information together with the expression patterns of odorant receptors of known response profiles will, ultimately, clarify how these olfactory gene families interact in enabling the fly to sense its chemical environment. Table 1 . in Obp99a, C141G in Obp99c, and G67/T78, G67/G78 and A67/G78 in Obp99d. The local stem-loop structures in Obp99d modulate base pairing of their neighbors in ~100-nt window around positions 67 and 78. Free energies of local secondary structures for G67/T78 = -132.5 kcal/mol, for G67/G78 = -133.9 kcal/mol, and for A67/G78 = -126.5 kcal/mol. Table S1 . Pairwise Comparisons of LD in the Obp56 Cluster and Obp99 Cluster. Table S2 . Polymorphic markers in Obp genes. Table S3 . Permutation test for association of variation in olfactory behavior with polymorphisms in Obp genes in a sample of 50 wild-derived inbred lines. Table S4 . Probability of base pairing (P) and preferred pairing positions for polymorphic markers in Obp99a, Obp99c and Obp99d RNA secondary structures.
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